SYNOPSIS The large number of modern methods which have been published for the determination ,of total bile pigments in the blood plasma indicates the difficulties of the estimation and suggests the need for a reliable standard method. In view of the present importance of plasma bilirubin levels in the diagnosis and treatment of jaundiced subjects, six analytical procedures have been studied, each chosen as far as possible, as a representative of a group of methods each embodying different principles.
Derek Watson anid Janice A. Rogers levels is important at the present time for directing the treatment of jaundiced newborn babies, and, partly for this reason, many new micro methods for determining bilirubin levels have recently been devised. With (1954) reviewed the methods available up to the end of 1951, but since that time no less than 23 new or adaptive procedures have been reported. Although a few of these publications include a mention of a small number of analytical results obtained by the proposed and the parent method, usually that of Malloy and Evelyn (1937) or King and Coxon (1950) , no substantial comparative studies appear to have been made.
The work now being reported was undertaken to find out whether appreciable or significant differences in the results of bilirubin analyses exist between different methods, and also to assess the extent and to discover the cause of such variations when present.
THE METHODS
The methods employed were as follows. I The method of Powell (1944) for plasma containing up to about 5 mg. bilirubin % was used as published. In this method, the conventional diazo reagent is added to the plasma, followed by an excess of sodium benzoateurea solution. A plasma blank test is carried out in which dilute HCI replaces the diazo reagent. Colour densities were read in an EEL colorimeter with Ilford filter 625. Analyses on the more deeply pigmented plasma were made with 0-5 ml. of 1 in 5 saline dilutions of plasma. This method was chosen as a representative of the class employing a non-alcoholic coupling promoter. It was the method routinely used in this hospital at the beginning of our study. 2 The method of Jendrassik and Gr6f (1938) was used as published; this is also a non-alcoholic coupling procedure. In it, a solution containing sodium acetate, caffeine, and sodium benzoate is added to plasma followed by a diazo reagent prepared by mixing 0-25 ml. nitrite solution with 10 ml. of 0 5% sulphanilic acid in 015 N-HCI. Upon the addition of excess alkali, the pink azo pigments are converted to blue salts. A plasma blank was carried out. The reagent blank was zero. The extinction of the final green solution was read in an EEL colorimeter using an Ilford 607 filter. This was the only departure made from the original method of Jendrassik and Gr6f who employed a Pulfrich photometer with filter S61. The method has been re-published in English by Fog (1958a) . 3 The method of King and Coxon (1950) modified in a manner suggested by Perryman et al. (1957) was used. Ammonium sulphamate (0-15%) is incorporated in the diazo reagent and a few crystals of sodium azide are added after the addition of ethanol (85 % v/v) . Readings are made at 530 m,u and 425 m,u, and the azo pigment extinction is then corrected for interference by haem pigments by means of a simple formula.
As no photomultiplier was available, we used 0-2 ml. plasma for every test, giving a final plasma dilution of I in 50 compared with 1 in 100 stipulated by Perryman et al., and 1 in 10 as used in the original procedure by King and Coxon. The initial plasma dilution was made with water. Optical densities were read on a Unicam SP 600 photoelectric spectrophotometer. This method was chosen as a representative of the class of methods involving deproteinization before diazo coupling.
4 Rice (1957) has suggested that the method of Stoner and Weisberg (1957) for plasma bilirubin estimation may 'fulfil reasonably well the criteria of an ideal analytical procedure'. This technique also involves deproteinization, but uses the measurement of acid blue azo pigments as an end-point device. It was on this latter account chosen for study. Regrettably, it was not found possible to employ the technique as published, because we were unable to obtain a cuvette of 1 cm. stratum length suitable for measuring optical densities with only 17 ml. solution. The method had therefore to be scaled up. Care was taken to keep the concentration of the reagents as nearly as possible identical to those of the original procedure. We used 0-25 ml. diazo reagent and 0-1 ml. plasma for all tests. Coupling was allowed to proceed in a constricted calibrated centrifuge tube for 10 min., after which 0 3 ml.
10 N-HCI and 0 5 ml. aqueous ammonium sulphate (saturated at the time of use) were added. The volume of solution was made up to 5-0 ml. with ethyl alcohol (absolute), the mixture shaken vigorously for 1 min., and then allowed to lie almost horizontally for 15 min. After filtration through Whatman No. 40 paper the optical density of the supernatant fluid was measured at 580 myA against a reagent blank. No serum or plasma blank is used with this test.
5 The method of Lathe and Ruthven (1958) was used as published. The diazo reagent consists of a mixture of 0 3 ml. of sodium nitrite (0-5 %) and 10 ml. of I % sulphanilic acid in 0-2 N-HCI. Coupling takes place in 50% methanolic solution. A plasma blank is performed in which 1 % sulphanilic acid in 0-2 N-HCI replaces the diazo reagent. The azo pigment colour usually reaches its maximum intensity about 5 min. after the alcohol has been added, but with some grossly pigmented specimens up to 9 min. are required. Tests were routinely read at 10 min. in an EEL colorimeter with an Ilford 624 filter (525 m,u). The method was chosen as a representative of the class of non-precipitation methods employing an alcohol as the coupling promoter. (Varley, 1958 One of us donated blood from which 200 ml. of sterile clear yellow serum was obtained. This was used as a medium for stabilizing bilirubin in solution. Our earlier attempts to use discarded transfusion plasma for this purpose were unsuccessful because sodium citrate interfered with some methods of analysis, and a loss of bilirubin was experienced following its addition to glucose-citrated plasma which had been stored for three weeks at 4°C.
The fresh serum was exposed to ultra-violet light for three periods of two hours on each of three successive days, at the end of which the bilirubin concentration had fallen from its original level of 0-7 mg. to one of less than 0-2 mg. per 100 ml. Forty milligrams bilirubin were rapidly dissolved by stirring in 2-0 ml. 0-100 N-NaOH, immediately diluted with about 80 ml. serum, mixed with 2-0 ml. 0-100 N-HCI, and finally more serum added to make a volume of 100 ml. Serial dilutions from this stock solution were made with the original serum diluted with 4 ml. 0-1 M-NaCl per 100 ml. The standard sera thus prepared contained 2, 5, 10, 15, 20, 25, 30 , and 40 mg. bilirubin per 100 ml. Using 0-1 ml. of these standards, the methods of Powell and Jendrassik and of Gr6f were applied. The range between 6 and 35 mg./100 ml. was later used for the calculation of the patient's plasma bilirubin. With the method of Lathe and Ruthven, 0-1 ml. was used for the range 4 to 16 mg./100 ml., and 0-05 ml. for levels of 15 to 35 mg./100 ml. Of the same standard sera 1 in 50 dilutions were employed to standardize the methods of Stoner and Weisberg, Perryman et al., and White et al. for the complete range of bilirubin concentrations encountered. Before use, the wavelength scale of the Unicam SP 600 was calibrated against a didymium filter according to the makers' instructions. The wavelength scale was considered to be true to ±0 5 m/L over the range 420 to 620 mp.
A further series of standard sera containing 0-5, 1-0, 1-5, 2-0, 3-0, 5 0, 6-0, and 8-0 mg. bilirubin/100 ml. were similarly prepared from a stock serum containing 10 mg. bilirubin/100 ml., and the analyses carried out on these specimens using 0-4 ml. (by the methods of Jendrassik and Gr6f and Lathe and Ruthven) and 0-5 ml. (by the method of Powell). Blank tests were made on the same volume of the corresponding standard bilirubin serum.
All the standardization procedures were completed within a period of three days. The standard solutions (and subsequently the test plasmas) were analysed at various laboratory temperatures between 17 5 and 19 5°C. Eastman-Kodak bilirubin (batch No. 23A) with a millimolar extinction coefficient of 59-3 in aldehydeand phosgene-free chloroform was used throughout. THE SPECIMENS FOR ANALYSIS Heparinized blood plasma (10 to 20 i.u. of dry lithium heparin per ml.) was obtained from each of two normal healthy women, nine adults with various liver diseases, and 30 jaundiced infants aged 1 to 7 days. Serum was obtained from the cord blood of each of 13 infants. The specimens were stored at -10°C. in the dark until the day before the start of the analyses, when they were transferred to a refrigerator (5°C.).
Twenty-four specimens containing 0-2 to 4 mg. % bilirubin were allowed to warm to room temperature, and then analysed by each of the diazo methods within a period of four days. When not in use, the specimens were stored at 5°C. in the dark. On the last of the four days, some analyses were repeated to check any loss of bilirubin which might have occurred. Sixteen specimens containing from 4 to 15 mg. % and 15 specimens containing from 15 to 35 mg. % bilirubin were then analysed under similar programmes.
A further series of analyses for pigments was carried out on 64 fresh specimens of heparinized plasma. Tests were made by a chosen diazo-coupling technique and by the spectrophotometric method of White et al. (1958) ; 'directly-reacting' bilirubin was also estimated by the method of Lathe and Ruthven (1958) . Forty-four specimens were obtained from 15 premature babies, eight of whom were jaundiced, and from four infants with erythroblastosis neonatorum, one of whom developed the inspissated bile syndrome. In addition there were six specimens derived from the umbilical cord vein at parturition, and 14 specimens from adult female patients, including cases of toxic hepatocellular disease or obstruction of the common bile duct.
RESULTS
We were unable to obtain reproducible results by Powell (1944) Weisberg (1957) (a)l
Jendrassik and Lathe and Ruthven (1958) Grof (1938) (b) (a) (b) by the present work. Several of our stored plasmas were tested in parallel on dilutions of 1 in 20 and 1 in 100, and were found to give almost identical results. Tests on plasma from freshly drawn blood also gave low results, so that it is unlikely that denaturation of protein during the storage period was responsible for the poor results.
The time allotted for the development of the azopigment colour in the method of Perryman et al. is 5 min. We allowed 10 min. since this was more convenient for batch analyses. An extension of this period to 30 min. (the time employed by King and Coxon) produced no appreciable increase in azopigment density, and the omission of the 'few crystals of sodium azide' to destroy excess diazonium compound also had no effect on the final pigment density. In the procedure of Perryman et al. the other deviation from that of King and Coxon's method is the addition of 1 ml. of 1.5 % ammonium sulphamate to 10-3 ml. of diazo reagent before use. This modification was first suggested by Patterson, Swale, and Maggs (1952) as a means of destroying excess nitrous acid. We were unable to detect excess nitrite in the diazo reagent of King and Coxon, which is not surprising in view of the fact that the reagent contains only 38% of the theoretical nitrite requirement of the sulphanilic acid. The omission of the ammonium sulphamate had no effect on the analysis.
Two comparative studies (Patterson et al., 1952; Lathe and Ruthven, 1958) Table  II ).
In the case of Stoner and Weisberg's method, acid haematin when present in the final solution absorbs appreciably at 580 m,u, the wavelength at which the blue pigments are measured. This would account for the higher values obtained by this rather than by Lathe and Ruthven's method, since the latter is relatively unaffected by haem pigments (Watson, 1960) . We noted that small but variable optical readings could be obtained with blank tests on different plasma containing approximately the same amount of bilirubin, but the matter was not further investigated.
DIAZO METHODS WITHOUT PROTEIN PRECIPITATION
The methods of Jendrassik and Grof (1938) and of Powell (1944) are modifications of a method devised by Enriques and Sivo (1926) in which the coupling promoter is sodium benzoate. Such methods have been criticized on the grounds that the final colours are sometimes 'impure' (King and Coxon, 1950) , and that they require several hours for the complete coupling of serum bilirubin in cases of haemolytic jaundice (Gray, 1953; Stoner and Weisberg, 1957) .
In our experience these criticisms apply to those modifications of Enriques and Sivo's method in which sodium benzoate has been omitted in favour of a less efficient coupling promoter, e.g., caffeine or citrate (Rappaport and Eichhorn, 1943; Gray and Whidborne, 1946; Chabrol, B6sz6rmenyi, and Fallot, 1949 (Watson, 1960) than were actually found with the stored specimens, it is possible that some conversion products occurring in our specimens as a result of storage in deep-freeze interfere to a lesser extent with bilirubin coupling than haemoglobin does.
The final solutions of the Malloy and Evelyn (1937) procedure derived from lipaemic plasma or specimens containing normal concentrations of bilirubin are occasionally opalescent, and it is generally agreed that the intensity of this turbidity may vary between the 'blank' and the 'test' determinations. As previously stated, we observed opalescence with Lathe and Ruthven's method, but the benzoate methods of Powell, and Jendrassik and Grof were also equally subject to this source of error.
Several methods of bilirubin analyses, including those of Powell (1944) , Dangerfield and Finlayson (1953) , Sims and Horn (1958), and Bruckner (1959) , employ insufficient diazo reagent to hydrolyse and couple all the bilirubin in deeply bile-pigmented plasma, unless a smaller volume of plasma than that stipulated is taken for analysis (Watson, 1961) . Lathe and Ruthven in their method suggest using half the quantity of plasma for specimens containing more than 15 mg. total pigment per 100 ml. However, there is nothing obligatory or distinctive in the change at 15 mg., since the method employs per millilitre of plasma much higher final concentrations of diazotised and undiazotised sulphanilic acid than is used in the parent method of Malloy and Evelyn (1937) . On the other hand, when inadvertently using 0-1 ml. plasma containing more than 20 mg. bilirubin per 100 ml., we have encountered some plasma specimens from which the appearance of maximum azo pigment colour was delayed for 15 to 20 min. Contrary to the contention of Meites and Hogg (1959) , we found it an advantage to use different plasma concentrations because it enabled us to read the final optical densities more accurately. For this reason also, we used a volume of 0 4 ml. for plasma which appeared to contain normal or only slightly above normal concentrations of bile pigment. Meites and Hogg (1959) , using the method of Malloy and Evelyn (1937) , have shown that when the temperature at which the analysis is performed is dropped from 220C. to 10°C., the production of azo pigments from serum bilirubin is decreased by about 50 %. (Meites and Hogg, 1959) . Using the method of Lathe and Ruthven we have observed that no decrease occurs in the production of azo pigment from plasma containing bilirubin as a result of a fall in the laboratory temperature. Moreover, this method has been shown not to be significantly affected by haemolysis (Watson, 1960) .
The method of Jendrassik and Gr6f has been stated to have a high degree of specificity and reproducibility (With, 1954; Fog, 1958a ). If we assume that the bilirubin levels found by this method are correct, then the results obtained by the method of Stoner and Weisberg, Lathe and Ruthven, and Powell on unhaemolysed specimens will be 5 to 10% too high. The occurrence of side reactions producing yellow and brown diazo products with urobilinogen (Lopez Garcia, 1941) and with some non-protein nitrogen compounds (Harrison and Bromfield, 1928) have been reported. But these reactions cannot here account for an overestimation of pigment by the three methods, since, with the exception of plasma No. 9, none of our specimens was azotaemic, and it is more likely that the infant plasma tested contained lower rather than higher than average concentrations of urobilinogen. Caffeine-benzoate coupling methods have previously been reported to give lower values than those found by some alcohol coupling methods (Malloy and Evelyn, 1937; Ducci and Watson, 1945) .
It is therefore possible that some substance present in the plasma ofjaundiced patients (and absent from normal serum fortified with bilirubin) may inhibit the coupling of bilirubin under the conditions of Jendrassik and Gr6f.
Results based on standardizations from chloroform solutions and serum solutions of bilirubin differed by approximately 9% (methods of Powell and of Lathe and Ruthven). In chloroform solutions, the relative extinction of 'azobilirubin' was higher than in serum solutions; the coupling promoter used in each case was 50 % methanol. Using 80% ethanol, O'Hagan, Hamilton, Le Breton, and Shaw (1957) (Fog, 1949) . On the other hand, the bile pigment levels obtained by the diazo and spectrophotometric methods showed good agreement in plasma obtained from infants (both icteric and non-icteric) during the first week of life. An exception was the infant with the inspissated bile syndrome (whose plasma bile pigment was mainly in the conjugated form). Since infant plasma is almost devoid of lipochromes (Mertz and West, 1956) , it would appear that estimation by the method of White et al. (1958) includes in addition to lipochromes when present, a measure of non-bilirubin pigments which are exclusively found in plasma containing an appreciable percentage of bilirubin reacting 'directly' by the method of Lathe and Ruthven. These pigments may be dipyrroles, e.g., bilifuscin or allied pigments as suggested by With (1954) , or possibly bilirubin esters or non-diazo coupling tetrapyrroles with a lhigher specific extinction coefficient than unconjugated bilirubin.
CONCLUSIONS
Haem pigment known to be present in many specimens of infant plasma causes the method of Powell (1944) to underestimate and that of Stoner and Weisberg (1957) to overestimate the plasma bilirubin concentration.
Bilirubin methods incorporating protein precipitation, e.g., that of King and Coxon (1950) , and modifications, give low and variable results.
Results obtained by spectrophotometry (White et al., 1958) are satisfactory for infant plasma, provided no appreciable amounts of 'directly-reacting' bilirubin are present.
Experience with several techniques has led us to choose that of Lathe and Ruthven (1958) as the most suitable and valid general-purpose method at present available for the determination of plasma bilirubin.
